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ABSTRACT 

Several central ideas emerging from a systematic . 
approach to teaching problem-solving in the quantitative sciences 
(chemistry, physics, engineering) are discussed. Areas addressed 
include: differenpes between teaching and performance, between 
naturalistic and effective functioning, and between detailed 
observations and gross stati>^4^al data; p.nsights derived from 
naturalistic studies, focusing OTKpreexisting knowledge of students, 
tacit knowledge of experts, and significant differences between 
problem-solving behaviorjs of students and of experts; and kinds of 
protedures' an<i knowledge essential for good human problem-solving 
performance, pointijig out general i ssues addressed by any theoretical 
model of good problem-solving and discussing charactisristics of the 
knowledge base containing knowledge about a specific domain. 
Problem-solving procedures considered include initial problem 
description, synthesis of the problem, and assessment/improvement of 
the solution. Current problem-solving activities in' science teaching 
(focusing on student behaviors and instructional practices) are 
addressed followed by a discussion of improved mernoas for teaching 
problem-solving. These methods include teaching explicitly and 
separately the various kinds of knowledge essential for good 
problem-solving performande (including knowledge of how to describe 
problem effectively), procedures useful for making judicious 
decisions in search for solutions, procedures for assessing solutions 
for correctness/optimality and methods for organizing large amounts 
of knowledge so information can be easily recallec^/remembered. 
(JN) 
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Scientists do t\ot behave scientifically in all dom&ins. Thus we 
pursue our own discipline (e.g.» chemistry) analytically and systeroati- 
cal^^seek to develop a th^pretical understanding of underlying pro- 
cesS^ and try to achieve practical goals (e.g., chemical syntheses) 
on the basis of our theoretical insights. On the other hand» we 
coninoDly approach tasks outside our own discipline (even chemically 
related tasks such as gardening or nutrition) by the seats of our pants, ^ 
content, to rely on rules of thumb and on common-sense notions of ques- 
tionable validity. Usually we tend to be equally unscientific in our 
teaching.. 

A serious Interest in teaching scientific problem solving warrants, 
however, a more systematic approach. Not only is pr6blem solving of 
crucial Importance In any science if students are to achieve the 
ability to deal flexibly with diverse and novel situations. But probl^ 
solving, particularly in well-deVeldped scientific disciplines, is also 
a highly complex inteUectual, task. Hence one cajinot expect achieve 
much success in teaching effective problem-solving skills unless one 
approaches the teaching enterprise from a' systematic and scientific point 
of view. •Such a scientific approach is not only required to achieve 
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practical teaching effectiveness, but has also intrinsic intellectual 
interest as a fie^d study in its own right. Indeed, recent years have 
seen substanffal progress in our understanding of complex intellectual 
processes, as these have been studied in exciting new fields such as 
in format ion- processing psychology or artificial intelligence [1-3]. 

My aim in this paper is to point out some central ideas emerging 
from a systematic approach to teaching scientific problem-solving skills. 
My comments will be generally applicable to problem solving \\\ quantita- 
tive sciences, such as physics, chemistry, or engineering. (I myself 
'have done most of my own work In the context of physics.) Within the 
limited time and space available to me, I shall focus my attention 
selectively on some^jor points and shall deliberately slight many 
important details. 

Rudiments of a Systematic Approach 
' Teaching or learning can be viewed as a transformation process 
*t analogous to a chemical reaction of the form 

In this process a student S^, In an initial state where he or she cannot 
, do certain things (such as problem solving) is supposed to be transformed 
into a student Sr in a final state where he or she can do these things 
ef f;(^ctively. • \ 

^ •.^An analysis of this transformation process reveals some basic 
isstf^ which can usefully beniistinguished and studied separately. 



Teaching versus performance ' ' 

It is clear that one roust first have a good understanding df per- , 
formance , both in the Initial and final states, before one can sys- . 
tematically address tasks of learning or teaching. In particular, one 
must first understand how students, before any instruction, approach ' . 
problems. Then one must understand how students, after Instruction, are 
expected to perfonn,in order to achieve effective problem solving, e.g., 
what thought processes they" are expected to use, how they are expected to 
organize their Information, etc. (Indeed, it is a research challenge to 
understand theoretically such underlying cognitive processes leading' to, 
good human problem-SQl ving performance.) Only after one has achieved a 
good understanding of 'initial per formance, and of the desired final per- 
formance, can one hope to teach students how to become effective problem 
solvers. 

Naturalistic versus effective functioning 

Useful information about learning or teaching can obviously be 
obtained by observing and studying the performance of actual novice 
students and of actual experts. However, such naturalistic or "descrip- 
tive" studies have only limited interest. By contrast, a more general ques 
tion, transcending a mere concern with naturalistic functioning, asks 
how effective functioning comes about. For instance, purely naturalistic 
studies of flying, by observing birds and Insects, may lead to an 
^ understanding of how flying Is achieved b^^^fljpping wings. However, 
asking the more general question about effectiveV iying may lea^ to the 
realization that flying can be achieved even betterXwith fixed wings, as 
modern airplanes do. , ' % 



One can thus fruitfully ask the following general question, going 
beyond the bounds of descriptive naturalistic studies. What are under- 
lying thought processes leading to good human performance (such as 
problem solving) without necessarily simulating what actual experts do? 
This more "prescriptive" question is" both scientifically interesting and 
highly germane to practical instruction (4|. In particular, this ques- 
tion does not make the unwarranted assumption that actual experts always 
perfonn optimally. Furthermore, since it does not restrict inquiry to 
naturally occurring modes of functioning, it allows room for human 
invention and design. For instance, although models of good performance 
inay be suggested by observing the behavior of actual experts, they may 
also be suggested by purel/ theoretical analyses. 

The more general prescriptive question about good performance Is 
aJso centrally important for teaching tasks or any attempts to improve^ 
human performance. In particular, it Is a mistake to bel ieve^that ^good 
performance, to be achieved by students as a result of instruction, can 
in^ely mimic what experts actually do. Indeed, students must often be 
taught explicit processes to achieve performance which actual experts 
can do almost automatically because they immediately recognize situations 
familiar to^ihem as a result of years of experience.* 

D^ii jJedL obse rvations versus gross statistical data 

To understand the underlying thought processes leading. to good 
problem- solving performance, it is essential to observe In detail the 
thought processes of Individual persons. By contrast, statistical data 
derived from test scores on many persons are of much less utility because 
they provide only%ery gross information: These comments are not 
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Intended to denigrate the utility of statistical data. But» as somebody 
once s^id: "Statistics are like a bikini bathing suit. What they reveal 
is suggestive, but what they conceal is vital." There is a great deal 
of wisdom in this quotation. 

Insights Derived from Natural istic Studies 
Before discussing in greater detaill some of the thought processes 
needed for effective scientific problem soTving, it is worth mentioning 
some insights derived from detailed observations of the naturally 
occurring problem-solving behavior of novice students and ^xperts. 

Detailed data of this kind can be obtained by asking individual 
persons to talk out loud about their thought processes while they are 
solving problems. The transcript of a person's tape-recorded verbal 
statements, together with the person's written work, constitutes then a 
"protocol" which provides a rich soucre of data about the person's 
thought processes ' Needless to say, even such a detailed protocol 
reveals only a small part of^a person's'thoughts since many of these 
are not overtly verbalized. Nevertheless, such protocols provide data 
much more useful and detailed than would be obtained by test> results , 
quest ionnair'es, or other similar gross measures. 

Let me then briefly mention some important results* derived from 
such detailed observations of novice students and experts t5-12| and 
point out some of their implications. 

Preexisting knowledge of students 

The observations "indicate that novice students possess complex 
conceptual structures derived from prior experience and from Informal 
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cultur"^! transmission. These conceptual structures are useful to explain 
and predict many of the phenomena encountered In daily life. However, 
unlike scientific conceptual structures, they are often ambiguous, vague, 
.inconsistent, and not accurately predictive. 

One implication of these^)bservations is that the learning of a 
sciei^ce involves much more than the 'acquisi tion of new knowledge by a 
blabk fnind. Instead, it involves a substantial restructuring of pre- 
existin'g knowledge, a restructuring where new knowledge must compete 
with a student's previous knowledge and familiar way of thinking. It is 
thus scarcely surprising that adequate restructuring can be a difficult 
and tima-consuming process prone to many errors and confusions. . 

An'Ather implication of these observations is that the modas of 
learning rtequired in science (mod^es which require unambigui ty. precision, 
and great dare that all language is cleanly related to observations) are** 
quite unlikfe modes of learning familiar from daily life. Such new modes 
of learning We, therefore, quite difficult to acquire without, careful ly 
designed insflruction. 



Tjcjt k nowled ge of experts 

Oetai.ledWpervations indicate that ^perts possess knowledge which 
is remarkably lir^e and well-organized. Much of this knowledge Is "tacit", 
i.e.,' used. aytonfetically without any conscious awareness. Yet this tacit 
knowledge is essential to good performance 'and sometimes quite subtle. 

One implication of these observations Is that the explication of 
such tacit knowledge is an important and challenging task which can re- 
veal much abdut thi nattrre of expertise. 
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i^nother implication is that science teaching is often of limited 
effectiveness for the simple reason that much essential knowledge is 
never explicitly taught, because it is not even apparent to the teachers 
themselves. 

Significant differences between experts and novices 

Observations reveal that significant differences do indeed exist 
between the problem-solving behavior of nov1%& students and of experts.' 
For example, novice students usually try to assemble problem solutions 
by proceeding, in linear sequential fashion, to piece together various 
mathematical formulas. By contrast, experts often approach problems by 
using* qualitative arguments and seemingly vague language, thus formula- 
ting plans which only later get refined into more mathematical language. 

These observations- show that experts* superior pqtrformance Is not 
merely due to their large store of accumulated knowledge, but also to 
problem-solving strategies more effective than those used by students. 
As we shall see. such expert strategies are also theoretically expected 
to be more powerful and some of them should be teachable to students. 

General Analysis of Effective Problem Solving 
After these comments about Information derived from naturalistic 
observations, let me turn to a more general analysis of the kinds of 
procedures and knowledge essential for good human problem-solving per- 
formance (13.14J. I shall begin by pointing out some general Issues which 
must be addressed by any theoretical model of good problem solving. Then 
I shall examine some of th^e topics in slighifly greater detail. 
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According to an analysis developed by myself and some coworket«s, 
problem solving involves some general problem-solving procedures used in 
conjunction with a knowledge base containing particular knowledge about 
a spepific domain (such as mechanics, or thermodynamics, or electric 
circuits, etc.^. The general probl^em- solving procedures decompose the 
problem^ solving process into several successive stages which address the 
following subprobleros: (a) How can one itiitialfy describe and analyze 
a problem so as to facilftate the subseque^^earch for its so,lut1on? 
(b) How can one synthesize a soluticn of the problem, using appropriate 
planning and subsequent implementation, -by making Judiciously the many 
decisions Ofi^ed to find, a path to the solution? (c) How can olie finally 
test the resulting so|[ution to ascertain whether It is cbrrec^t and rea- 
sonably optimal, so that suitable Improvements can be made?' ^ 
The preceding^ procedures are to be used in conjunctional th a ' 
knowledge base containing specific knowledge about the particular domain 
of interest. Any such knowledge base must have general characteristics 
which facilitate the Implenientatlon of the preceding procedures, 
characteristics which must also be specified by a model of good per- ^ 
fonnance. , for example, what types of kffowledgd shouhUbe included In 
such a knowledge bas*^? Whaf kinds of 'anct>lar\y knowledgd must accompany 
aiiy concepts or principle so that it becomes E ffectively ijsable and can 
thus serve as a functionaPfy ustyful conceptual building block? Finally, 
how must the entire. knowlMg^^se be organized ^o that large amounts of 
information can be easily reii)embeYed* and "Appropriately retrieved In 
complek problem- solving contexts? 

An ufider standing of how good liuman problem-solving performance can 
be achieved requires answers to alj^ the preceding questions. In Ihe 
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following paragraphs I shall merely ^utl ine some of the^ma^jor ideas«wh1ch 
fiave emerged In our work addressing these questions. 

* Problem-solving Procedures / 

tmti al problem description . ' 

The manner In which a problem is initla'lly describee! i;5 crucially " 
important since It can determine whether the subsequent sdlutjon of the 
problem Is easy or diff icult--or even impossible. The crucial role o€ 
the initial description of a probfem Is, however, easily overlool^d 
because It is a preliminary st^p which experts usually do rapidly and 
automatically without much conscious awareness. 

A model of effective problem solving must thus, tn particular, 
specify explicitly procedures for generaling^ useful Initfal description 
of any problem. The f1»*st stage of such a description procedure aims to 
generate a "basic description" of a pjjoblerr^ This is achieved by using 
general domain- independent knowledge to put- 1 hie problem Into a form where 
St Is 'i'eadily understandable tp the probfem solver. Thus the basic de- 
scriHlon. sumfnarfzes the information specified and to be found, -intro- 
duces useful symbols, and expresses available Information in various 
useful a^ymbolit: fprms (e.g., in verbal statements as well as In diagrams) 
Figure 1 Illustrates an example. 



Insert Figure 1 about here 

. %JL- 

The^next stage of the description procedure's moi*e complex. It 
aims to generate a" "theoretical description" of the problem, i..e.; a 
/description wMch deliberately aims to redescribe the problem In terms 

V . II- 



ORIGINAL TROfeLEM STATEMENT 

HjJNlBnS AT THE TOP- OF A SMOOTH HEMISPHERICAL mi, OF RADIUS R, 
COVERING A FACTORY ON HORIZONTAL GROUND. IF THE MAN STARTS SLIDING, 
AT WHAT HEIGHT ABOVE THE GROUND DOES HE, SLIDE OFF THE' DOME? 

BASIC DESCRIPTION 




time : man at top 
time t, ' miin slides off 

(time t^, :«ny tim6 between) 

h ^ r . 

GOAL: b = ? 



Mg^ 1: Original statement and basfc description of a mechanics problem. 
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of the special concepts provided by the knowledge base for the relevant 
knowledge domain. The resulting problem description greatly facilitates 
%e subsequent search for a problem solution since all principles in the 
knowledge base are expressed in terms of these special concepts and 
become thus readily accessible. 

Hence the knowledge base for any particular domain is especially ^ 
useful if it includes explicit rules specifying how to describe any 
situation encountered in this domain. 'jHiese rules should specify how to 
identify, in any problem situation, those entitities of prime interest*^ 
ih this domain, what special concepts should be used to describe these* 
erltities, what properties of these special concepts can be exploited, 
and how to- check that the resulting description is consistent with known 
principles. [15] ^ 

For example, the knowledge base for the science of classical 
mechanics can usefully be actompanled by ^ exp^licit rules specifying 
explicitly how to describe any problem in mechanics. These rules specify 
that the entities of interest are particles (or systems con^istif^ of 
several such particles). They specify that the motion of any such 
particle should be described by special concepts such as "position", 
"velocity", and "acceleration". They also specify th^t the interaction 
between such particles should be specified by special concepts such as 
"forces" or "potential energies". The description rules also specify 
""How ft exploit the properties of these' concepts. For inst'ance. they 
specify that forces can be systematically enumerated by first considering 
Jong-range forces (such as gravity) and then identifying the short-range 
forces on any particle(by noting ^11 objects which touch the gjven 
particle). Furthermore, they specify how these various kinds of forces 
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(such as gravitational forces by the earth, ft)rces by strings, etc.) 
depend on the characteristics and positions of the Interacting particles/" 
Finally, they specify that a problem description Rwst be consistefit with 
motion principles, e.g., that the acceleration of any particle mus^have 
the saaje direction as the total force on it. Figure 2 illustrates sVch 
a theoretical description of the problem previously described in Figured, 



' Insert Figure 2 about here ' \ 

: . 

*Such description rules are considerably more explicit than th'ose 
usually taught or found in textt)ooks. But in experiments, perfcfrmed by 
Heller and myself,' we showed convincingly that students, when induced ^ 
to use such description rules, avoid almost all cbmmon errors (e.g., 
omitting relevant forces or introducing extraneous forces due to non- 
existent objects) and generate problem descriptions leading to successful 
solutions [ 15]. » * 

Similar description .rules can be explicitly formulated for other 
knowledge domains. For example, in thermodynamics the entl-tles of 
interest are macroscopic systems consisting of very many atomic particles. 
Such isolated systems are to be described by special concepts* such as 
"internal energy" and^"entropy'*, and this description can exploit the sped 
properties of these concepts. Once again, the mere redescription of 
themwdynamic problems in terms of these particlar concepts greatly 
facilitates their subsequent solutions. 

Synthesis of a solution. 

Once a problem has been described, one can turn to the task of 
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•MOTION INTERACTION 




v = velocity f = gravity force on man by earth 

a^,a^ = acceleration components F =force on nnan by dome surface 



Fig, 2 : Theoretical description of the problem of Fiqure 1. 



15 



12. 

constructing its solution. Thls*tasl; is difficult because the search 
for a solution requires .decisions among many possible alternatives, only 
a few of which lead to the desired g oa^ . Henc§ a model of effective 
problem solving must specify how to nake judicious , decisions to find 
an efficient path to the desired goal. * ^ 

Merely-explicating the alternatives to be considered in making a 
decision can already be useful, even without specifying how a choice 
between these alternatives is to be made. For example, a typical alter- 
native is of the fonn. "What principle should be applied to what system 
at what tinie (or between what, times) with what description?" An explicit 
awareness that this is^the Jcind of decision to be made helps to identify 
a limited number of component alternatives worthy of consideration and 
thus simplifies appreciably the decision'process. For examp>e, £he 
spefcified form of such a decision may help to focus a student's diffuse 
thinking on "applying the first law of thermodynamics, to a system con- 
sisting of a particular cylinder-and enclosed gas, between the states 
A and B, described in terms of pressure and volume". 

, Much couia be said about how to make judicious decisions among 
promising a 1 ternatives once they have been identified. But instead of 
discussing several useful decision methods in greater detail , let me 
merely make a few comments about a powerful general strategy used to' 
facilitate problem solving, the strategy of progressive refinements. 

This strategy may usefully be illustrated by an analogy, the problem 
of painting a picture. One painting strategy would be to paint succes- 
sively, complete detaif, every adjacent^ square inch of the picture 
until the total picture is completed. The other strategy consists of 
first making a rOugh sketch of the e ntire picture, then elaborating this ^ 
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sketch by adding more detailed lines, then elaborating further by adding 
more detailed color information, etc. The second strategy, which pro- 
ceeds by progressive ref inenients , is far more useful because it allows 
one to make crucial major decisions first without burdensome or dis- 
' tracting details. These major decisions can then be used as guides to 
make further decisions at a more detailed level, and ^o on until all 
details have been worked out. 

Similarly, in scientific problem solving it is useful to make first a few 
major decisions by describing only the major features of a problem in 
gross qualitative terms (using vague language or pictures). Such a 
solution plan, outlined at a gross level of description, may then be 
used as a guide t-o construct a solution in more precise and mathematical 

language. Indeed, a,s mentioned previously, experts (unlike novice 
students) conjfnonly use such methods of progressive refinement with great 
effectiveness. * 

As a 5lmple illustration of the preceding remarks, consider the' 
situation Illustrated in Figure 3 wl\1ch shows a current flowing through 
two joined wires of different diameters. The problem is to find ttie 
potential at the junction point if the potentials at the ends of the 
wires are specified. Experts commonly approach this problem* by statino 
verbally that the potential drop in each wire depends on its resistance, 
$ind that » the resistance of each wire depends on its geometric 
properties. Only after such qualitative remarks, which basically con- j • 
stitute a rough plan for a solution, do the experts begin to specify in 
greater detail just how the resistance of each wire depends on particular 
geometric properties, such is length and cross-sectional area. This 



strategy of progressively refined descriptions standsjn sharp contrast 
to what novice students usually do, namely trying to construct a solution 
by n)erely writing down various equations at a mathematically detailed 
level of description. (Indeed, many students get lost in a morass of 
several such equations in several unknowns, and thus find the preceding 
simple problem difficult.) 

Insert Figure 3 about here 

Assessment_and_i mprovefflenJ of solution 

Once a problem solution has been obtained, it is important to assess 
whether it is correct^and reasonably optimal, so that suitable Improve- 
ments can be made. Various tests, designed to assess whether a solution 
is correct, can readily be formulated in explicit form. For example, 
one of the most useful of such tests Is a consideration of simple 
special eases (particularly of extreme cases) which must be consistent 
with a general solution of a problem. Other useful tests can also be 
easily specified. Indeed, many such tests are quite straightforward and 
familiar to experts, although they are often -not explicitly taught-to 
students. 

* 

C haracteristics of the Knowledge Base 
As mentioned previously, the knowledge base for a particular domain 
nujst ha\e general characteristics which facilitate the preceding pro- 
cedures. used to describe problems and search for their solutions. Let 
me discuss slightly more fully some of these Important characteristics. 
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F ig. 3 : Current flowing In joined wires of different ditjfneters. 
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Fundi o nal concep tuaLbuj Jd 1 blocks . ^ 

Particular special concepts and principles are, from a strictly 
logical point of view, the essential building blocks of the knowledge 
used to make scientific predictions and to solve problems. However, the 
mere definition of a-concept, or mere statement of a principle. Is psy- 
chologically and practically a^no^ worthless unless It is accompanied 
by ancillary knowledge needed to make the concept or principle effec- 
tively usable. Only then does the concept or principle hecome a function- 
ally useful conceptual building block suitable for synthesis of more 
complex problems. ^ 

An analysis, presented elsewhere [ 16], shows that the ancillary 
knowledge needed to make any concept-or principle effectively usable Is 
remarkably large and sometimes subtle. Thus the knowledge needed to 
interpret a concept or principle includes that required to specif the 
concept or principle by descriptive statements and by detailed procedures 
needed to identify the concept; It Includes the knowledge needed to 
apply the concept In various specific kinds of Instances; and It Includes 
explicit warnings about likely errors and the requisite knowledge to 
discriminate them from correct situations. The ancillary knowledge 
includes also famil larl ty with .some basic Implications and applications 
of a concept or princ1ple„as well as explicit guidelines specifying the 
conditions when the concept Is Hkel^to be useful. 

Such ancillary knowledge, required, ^o make a eonqept or principle 
effectively usable. Is routinely possessed by any e^ert. However, much 
of this knowledge Is tacit and often not explicitly laughj,. Indeed, 
. deficiencies in such ancillary knowledge lead to many of- the conmon 
misconceptions and errors committed by students. 
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The preceding cocnients Indicate that It Is Important to make expll- 
cit, and also to teach deliberately, the anciVlary knowledge required 
to make any concept or principle effectively usable. In this way one 
can ensure the possession of concepts and principles which are function- 
ally useful and which thus provide a necessary (although not sufficient). . 
prerequisite for effective problem solving. 

Knowledge Organization \^ ' 

The organization of available knowledge Is of crucial 1mporta|ice\ 
particularly If the knowledge Is large. Indeed, only if Information is 
effectively organized, can It be easily remembered and .appropriately ^ 
retrieved In complex contexts. (For example, although* every folder In 
a hie ca6lnet may contain valuable Information, an unorganized collec- 
tion of such folders would make the Information available in the file 
cabinet nearly Inaccessible and thus almost useless.) A theoretical 
model of effective problem solving must thus specify explicitly the 
manner In which concepts, principles, and rules should be effectively 
organized so as to facilitate their ready retrieval aa^ use. 

A particular foni of knowledge organization, highly useful In many 
cases. Is one which Is hIerarchicaVly structured at successive levels 
containing Increasingly more detailed Infortnation 1 17]. This form of 
organization may be Illustrated by a familiar analogy, the mannec in 
which geographical Information Is organized Into maps of different 
scales. Thus geogr*aph1cal Information about the entire United States 
can be summarized In a map shb^ing very little detailed Information and 
only gross features. Then certciln of these gross features (e.g., certain 
geographical regions) can be elaborated more fully In other maps (e.g., 
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iiiaps of pai*ticu1ar states) showing more detajls. Such maps can, 

in turn, be elaborated more fully in other maps which show siill more 

details. In this way» proceeding by successive elaboration, it is 

possible to acconiiK)date any amount of detail in a fashion which does not 

obscure the major features and which uses these major features as, aids 

to (jain access to more details. 

Scientific know) edge-ii bout any doina.in» such as mechanics or thermo* 

dynamics, can- very effectively be organized in similar hierarchical ways 

which facilitate the r^n)embering and retrieval of all the relevant 

knowledge. It would take me too far afield to show here such a hier% 

'A 

archical organisation of an entire scientific domain. Let me therefor^ 
merely illustrate the utility of such a hierarchical organization in a 
very simple, but coniiion,. case. 

Consider an argument (e^g. , the derivation of some scientific re- 
sult) which starts from certain premises to arrive at certain conclusions 
Such an argument can be organized in various alternative ways. A purely 
linear organization of this argument might consist of a dozen or so 
successive steps, each well explained and followfng logically from the 
preceding one. ilOn the other hand, a hierarchical organization of the 
same argument might consist of four major steps, grossly deifcribed, 
which summarize the entire argument; each of these may then* in turn, be 
elaborated into several more detailed steps, as indicated schematically 
in Figure 1. 

Insert Figure 4 about here 



22 




18. 



'Althouijh the hierarchicdl organization of the argument contains 
the same information* it Is expected to be much more useful, Indeed,. . 
experiments done by Eylon and myself have shown ttiat an argument, pre- 
sented and learned in such a hierarchicfal form ,^ can be more easily 
remeipbered » more easily modified if some premises are changed, and more 
easily corrected if errors are made [ 17]. 



Experi mental Test$ ^ of Theoretical Ideas ' • 

In the preceding sections I have discussed various theoretical 
ideas specifying pr6ced.ures and /forms of knowledge leading to good human 
problem solving. As mentioned previously^, such theoretical ideas need 
no^ necessarily simulate the actual behaVior of experts. The central 
<luestion is rath?f^ whether human beings, acting in accordance with such 
theoretical ideas, do indeed achieve good performance. To address this 
question, my' collabora.tocs and I have used the following experimental 
paradigm to test models of good problem-solving performance: (1) We use 
carefully controlled experimental conditions to induce individual persons 
to perform in accordance with a specified model of good performance 
(e.g., wc induce persons to follow step>by-step directions specifying 
how to generate useful initial descriptions of problems). (2) Then we 
observe in detail the resul'ting' performance of these persons and assess 
whether this performance exhibits the predicted characteristics and Is 
effective. 

Such experiments can indeed be successfully implemented in practice 
and can yield very valuable information, both to test theoretical models 
and to smjgest" improvements in them. For example, some of the previously 
mentioned theoretical ideas about effective problem description and 
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about effective knowledge organization were tested by us in experiments . 
of this kind [ 15, 17].' ^ • ' 

Current Actualities in Science Teach ifuT ^ ^ 
The analylsis on the preceding pages outlines some useful procedures 
and kinds of knowledge faciUtating'scientIf ic problem solving. How do 
these insights about effective problem solving relate to the state of 
affairs prevalent in the actual teaching of science? In particular, 
what do students commonly do when approaching problems? And what do 
instructors commonly do when trying to teach scientific problem solving? 

Cotnnott student behaviors 

Informal observations, as well ^s some systematic studies [11, 12] 
Indicate that typical students in bask edrllege-level science courses » 
tend to approach problems in a manner that differs appreciably from the 
preceding precepts for good problem-solving. The foUowing^are some ^ 
examples. 

Students, faced Hith ^ problem, try to tackle immediately the task 
of constructing a solution* They *spend rather little time beforehand 
to.generate a careful description of the problem or to'plan a solution. 
Furthermore, they spend little or no time afterwards to assess whether 
the solution found by them is correct or. as simple as it might be; nor 
do they try to extract from a solution useful knowledge that might help 
them to deal with future problems. 

Students usually try to find the solution of a science problem by 
assembling various facts and fornxjlas in a linear sequential fashion, 
rather ,than by using methods of progressive refinement. Students tend 
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to behave similarly,. in other problem-solving donwins. For example, 
when tryinu to write English prose, novice students tend to proceed by ^ 

♦ generating successive sentences and^paragraphs , rather than by construct- 
ing progressively refiiwd outlines and drafts: Similarfy, when trying 
to write computer programs, unsophisticated students tend to proceed by 
writing successive lines of code, rather than by progressively elaborat-; 
ing flow charts or high-level procedural specifications. It Is not 
surprising that students behave in this way. Faced with a task which 
ultimately consists of a sequence of steps, the most primitive strategy 
IS to generate ^he steps one-by-one in sequential order. By contrast, 
a strategy of progressive ref inemejjts , which first generates more 
abstract steps to be ultinjately elaborated into the steps of actual 
interest, is a more Ijidirect njethod and its superiority is not apparent 

^ to unsophisticated students. 

Students tend to place a great emphasis on remembering and using 
various facts ^nd mathematical formulas, without trying to embed these 
in a rich framework of qualitative knov^ledge. Accordingly, students 
may be, able to answer so«>e quantitative questions by merely manipulating 
some mathematical formulas, but may be quite unable to ainswer simple 
qualitative questions of a similar kind. Furthermore, students seldom 
use qualitative knowledge to plan solutions or to check whether results 
obtained by them make any sense. ^ 

In trying to learn problem solving, students pay much more attention 
to the product than to the process. Thus students are nwstly Interested 
in th^ answers to problems or in worked-out solutions of them. But they 
often fail to realize that the most important aspect of problem solving 
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Involves the decision processes which lead to good solutions, decision 
processes which prevent one from getting stuck or going off Inv^ wrong 
directions . • '^ 

<, Finally, students' acquired knowledge about a scientific domain iS'' 
often poorly structured, consisting of little more than loosely organized 
collections of miscellaneous facts or lists of such facts. Indeed, 
students rarely appreciate the gireat Importance of organizing their 
knowledge with great care so as to make* It effectively usable. Nor are 
tfiey familiar with forms of organization, such as hierarchical organiza- 
tions, potentially useful fpr making their knowledge more coherent, more 
easily remembered, and more readi ly^ retrievable. - 

In summary, -it Is clear that students' problem-solving skills are 
rather primitive and leave ample room for improvement through st)ecif1c 
teaching. ' ^ 

Common teaching practices 

Common teaching methods, us*ed by instructors or textbooks to teach 
scientific problem-solving skills, rely predominantly orrpresent ing 
Information, showing prototypical examples of worked-out problems, and 
providing students with practice in solving similar kinds of problems. 
In niany ways such teaching n»ethods are more primitive than those used 
in simpler dQinalns, such as sports or musical performance, indeed, in ^ 
those domains teachers try to analyze in detail important components 
needed for good performance (e.g., how to hold a violin, how to move 
the wrist when bowing, etc.) Then they strive to teach explicitly 
these Important components and to Integrate them into flood overall 
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^ perfoniiance . These teaching methods are thus more systetnatic and. 
analytic than those based on mere exemplification and practice. 

Not only dq the teaching methods used in scientific instruction 
seem fairly primitive, there is also evidence that they are often rather 
inefficient and ineffective^ For example, several recent studies [ 5-10] 
show that many students, after having successfully completed college- 
level science courses, may nevertheless exhibit gross errors or miscon- 
ceptions and be quite deficient in simple problem-solving skills. 

Coninon teaching practices are not only of limited effectiveness, 
but may even be dysfunctional or deleterious. For example, quite often 
instructors, in their presentations and examinations, emphasize factual 
knowledge considerably more than reasoning processes. Furthermore, 
teachers and textbooks, in a narrowly conceived pursbit of scientific 
precision, frequently tend to stress formal knowledge^'bvLmathematical 
descriptions. Correspondingly they neglect, or even discourage, qual-, 
itative understanding and modes of qualitative reasoning which (as 
pointed. out previously) are very powerful aids for planning problem 
solutions and are commonly used by actual experts. As another example, 
scientific arguments and prototypical problem solutions* are usually 
presented as linear sequencer'or^fet^iled steps, rather than in more 
hierarchical forms which (as poipted out previously) arejUch mbre use- 
ful for renumbering^ and generalizing information. 

The preceding consents reveal that cgmmon^ teaching practices do not> 
reflect much insight into effective problem-solving processes and leave 
mud) room for improvement. ^ 
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I mproved Methods f or Teaching P roblem Solving 
The discussion in the preceding pages suggests that the teaching 
of scientific problem solving could be substantially Improved if the 
^ task wene approached more' scientifically and systematically. In parti- 
cular, such teaching should be based upon an adequate understanding of 
how good problem solving is achieved, i.e. , updn an an^j^i^s of the kind 
sketched in the preceding pages [13, T4]. 

Such an analysis suggests that one teach explicitly and separately 
the various kinds of knQwledge^ essential for good problem^solvtng per- 
formance, e.g., knowledge of how to describe problems effectively, 
procedures useful for making judicious decisions in the search for solu- 
"tions, procedures for assessing solutions for correctness and optimal 1ty» 
methods for organizing large*amounts of knowledge io that information 
can be easily remembered and retrieved, etc. Appropriate teaching 
methods must then be used to Integrate these important components so 
that students can use them jointly in coherent, fashion. Finally, one 
must ensure that students learn to use these methods habitually and, 
automatically. Clearly, adequate practice is needed to achieve these 
ends, but the right kinds of practice based on an explicit understanding 
of underlying mechapisms of good problem soWing. 

The preceding general suggestions can be elaborated into practical 
- teaching programs. For eicample, I n\yself have t/ied tb do so in a 
special course on physics problem solving. ! have also explored a. pre- 
ferable course format where students are explicitly taught scientific 
conceptual, and pro^lfem-solving skills in a "workshop" accompanying the 
first quarter of ani^introcjuctory college-level physics course. FJnally, 
St John and I have even attempted to Incorporate a few of these Ideas 
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in laboratory instruction [ 18]. Such practical teaching efforts show" 
definite promise, but need appreciable care and thought for proper 

. implementation. In particular, they require painstaking attention to 
many Important details which I have not been able 'to mention in the brief 
survey presented in the preceding pages. Such teaching efforts could 

'also benefit from the exploitation of more individualized forms of 
instruction implemented by programmed teaching materials or computer- 
aided instruction. 

Finally, one should not expect miracles, even if the teaching of 
probleni solving is approached from a systematic and scientific point of 
view. After all, such teaching efforts deal with very complex cognitive 
skills. But, by approaching such teaching tasks systematically, one may 
•hope to achieve the advantage inherent in scientific approaches in other 
fields^ namely cumulatively Increasing knowledge and understanding, 
opportunities to learn from successes as viell as from failures, and 
increased practical effectiveness based upon validated theoretical 
insights^ 
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FOOTNOTE 

'I 

This article is based on an invited paper pif'efsented at the meeting of 
the American Chemical Society, Las Vegas, March 1982. Some of the 

underlying work was partially supported by grant ISED.79-20592 frdro 

t 

the^ational Science Foundation. 
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